Conclusions: ICA can be used as a digital biomarker for assessment and monitoring of cognitive 42 performance in MS patients. In comparison to standard cognitive tools for MS (e.g. BICAMS), 43 ICA is shorter in duration, does not show a learning bias, is independent of language, and takes 44 advantage of artificial intelligence (AI) to identify cognitive status of patients more accurately. 45 Being a digital test, it further has the potential for easier electronic health record or research 46 database integration. 47
Introduction

6
Multiple sclerosis (MS) can cause demyelination and neurodegeneration in patients 1 . Therefore, 7
cognitive dysfunction is common in MS patients (40-70% of these patients are reported to have 8 cognitive impairment 2 ) , and is associated with a higher risk of disease progression in the 9 subsequent years 2 . Cognitive impairment can have significant negative impacts on several 10 domains of activities of daily living, such as social functioning, employment 3 and driving 4 . 11
12
The Brief International Cognitive Assessment for MS (BICAMS) 5 ,6 is a cognitive assessment 13 battery for detecting cognitive dysfunction in MS patients. The BICAMS battery includes tests of 14 mental processing speed and memory, and takes about 15 to 20 minutes to administer and score. 15 We used BICAMS in this study as a standard reference test to measure the efficacy of the 16 proposed ICA test in detecting cognitive impairment in MS patients. 17
18
Cognition has the potential to be used as a marker of disease progression or treatment efficacy in 19 MS 7 . When patients report a cognitive problem, they are describing a change in function from a 20 previous level; however, the majority of cognitive tests, due to a learning bias 8, 9 , cannot be used 21 for frequent monitoring of cognitive performance. On the other hand, neuroimaging and fluid 22 biomarkers of disease activity [10] [11] [12] , while more accurate, are less suitable for frequent 23 monitoring of disease progression, and more difficult to integrate into routine clinical practice. 24 In this study, we propose an AI-assisted digital biomarker of cognitive function, appropriate for 1 monitoring the disease activity. 2 It is documented that the afferent visual system is highly vulnerable to MS 13 . Furthermore, 3 deficit in information processing speed (IPS) is the most prevalent cognitive impairment in MS, 4
and can affect speed of sensory, motor and cognitive processes 14 . We therefore designed an 5 iPad-based rapid visual categorization task [15] [16] [17] and are presented to the participants in rapid succession. Images are presented at the center of the 2 screen at 7° visual angle. In some images the head or body of the animal is clearly visible to the 3 participants, which makes it easier to detect. In other images the animals are further away or 4 otherwise presented in cluttered environments, making them more difficult to detect. Few sample 5 images are shown in Figure 1 . We used grayscale images to remove the possibility of some 6 typical color blindness affecting participants' results. Furthermore, color images can facilitate 7 animal detection solely based on color, without fully processing the shape of the stimulus. This 8 could have made the task easier and less suitable for detecting less severe cognitive dysfunctions. 9
10
The strongest categorical division represented in the human higher level visual cortex appears to 11 be that between animates and inanimates 22, 23 . Studies also show that on average it takes about 12 100ms to 120ms for the human brain to differentiate animate from inanimate stimuli 21,24,25 . 13
Following this rationale, each image is presented for 100 ms followed by a 20 millisecond inter-14 stimulus interval (ISI), followed by a dynamic noisy mask (for 250 ms), followed by subject's 15 categorization into animal vs non-animal ( Figure 1 ). Shorter periods of ISI can make the animal 16 detection task more difficult and longer periods reduce the potential use for testing purposes as it 17 may not allow for the detection of less severe cognitive impairments. The dynamic mask is used 18 to remove (or at least reduce) the effect of recurrent processes in the brain 26, 27 . This makes the 19 task more challenging by reducing the ongoing recurrent neural activity that could artificially 20 boost subject's performance; it further reduces the chances of learning the stimuli. For more 21 information about rapid visual categorization tasks refer to Mirzaei et al., (2013) 16 . 22 23 The ICA test starts with a different set of 10 test images (5 animal, 5 non-animal) to familiarize 1 participants with the task. These images are later removed from further analysis. If participants 2 perform above chance (>50%) on these 10 images, they will continue to the main task. If they 3 perform at chance level (or below), the test instructions will be presented again, and a new set of 4 10 introductory images will follow. If they perform above chance in this second attempt, they 5 will progress to the main task. If they perform below chance for the second time the test is 6 aborted. 7 8 Figure 1 . The ICA test pipeline. One hundred natural images (50 animal and 50 non-animal) with various levels of 9 difficulty are presented to the participants. Each image is presented for 100 ms followed by 20 ms inter-stimulus 10 interval (ISI), followed by a dynamic noisy mask (for 250 ms), followed by subject's categorization into animal vs. 
Brief International Cognitive Assessment for MS (BICAMS)
9
The BICAMS battery consists of three standard pen-and-paper tests, measuring speed of 10 information processing, visuo-spatial memory and verbal learning. 11
12
Symbol Digit Modalities Test (SDMT):
The SDMT is designed to assess speed of information 13 processing, and takes about 5 minutes to administer 28 . 14
California Verbal Learning Test -2 nd edition (CVLT-II):
The CVLT-II test 29, 30 begins with 15 the examiner reading a list of 16 words. Participants listen to the list and then report as many of 16 the items as they can recall. Five learning trials of the CVLT-II are used in BICAMS 5 , which 17 takes about 10 minutes to administer. 18
Brief Visual Memory Test-Revised (BVMT-R):
The BVMT-R test assesses visuo-spatial 19 memory 31, 32 . In this test, six abstract shapes are presented to the participant for 10 seconds. The 20 display is removed from view and patients are asked to draw the stimuli via pencil on paper 21 manual responses. The test takes about 5 minutes to administer. 22
Participants
1
In total, 174 volunteers took part in substudy1 (Table 1) To measure test-retest reliability for the ICA test, a subset of 21 MS and 22 HC participants were 9 called back after five weeks (± 15 days) to take the ICA test as well as the SDMT. The subset's 10 characteristics were similar to the primary set in terms of age, education and gender ratio. For 11 both SDMT, and ICA, the same forms of the tests were used in the re-test session. Note that in 12 the ICA test, while the images were the same, their presentation order randomly changes in every 13 administration. 14 15 Substudy 2: In this substudy, we investigated ICA's correlation with the level of serum NfL in 16 48 MS patients (Table 2) . Participants took the iPad-based ICA test and the pen-and-paper 17 SDMT test, administered in random order. ICA and SDMT were administered in the same 18 session, but blood samples were collected in another visit with a gap of 2-3 days in between. reaction times greater than q3 + w * (q3 -q1) or less than q1 -w * (q3 -q1) are considered 7 outliers. q1 is the lower quartile, and q3 is the upper quartile of the reaction times. Where "w" is 8 a 'whisker' ; w = 1.5. The number of reaction-time data-points removed by the boxplot can vary 9 case by case, but in all participants it was less than 40% of their data (data refer to the number of 10 images they observed). 11
12
The ICA summary score is a combination of accuracy and speed, defined as follows: 13 classifier also took subject's age, gender and education in order to match subjects with similar 1
demographics. 2 3
Multinomial logistic regression classifier (MLR)
34 is a supervised regression-based learning 4 algorithm. The learning algorithm's task is to learn a set of weights for a regression model that 5 maps participants' ICA test output to classification labels. 6 7 The basic difference between ICA's classification of patients (using the AI engine) and the 8 conventional way of defining an optimal cut-off value for classification is the dimensionality (or 9 the number of features) used to make the classification. For example, in a conventional 10 assessment tool, an optimal cut-off value is defined based on the test score. This is a one-11 dimensional classification problem, and there is only one free parameter to optimize, therefore 12 less flexibility to learn from more data. In ICA, however, the test returns a rich set of features 13
(we have one reaction-time and accuracy per each image). ICA score is the most informative 14 summary score, but on top of this, we used a classifier to find the optimum classification 15 boundary in the higher dimensional space. There are more free parameters here to optimize and 16 therefore, the classifier can benefit from more data to best set these parameters for achieving a 17 higher accuracy. To compare sensitivity of BICAMS and ICA in detecting MS dysfunctions, we compared mean 17 test scores in MS and HC groups separately for BICAMS battery of tests and the ICA test (Table  18 3). Within the BICAMS battery, SDMT and CVLT-II could differentiate between HC and MS 19 patients (Table 3 ). The scores on both SDMT and CVLT-II were significantly lower for the MS 1 patients compared to the HC group. However, there was no significant difference between 2 BVMT-R scores of the HC and MS groups. These results are consistent with previous findings 3
showing that SDMT has a better sensitivity in detecting MS compared to other tests within the 4 BICAMS battery 5, 35 . 5 6 is also reported (Figure 4B ). SDMT and ICA were both administered in the same session. 
14
In the subgroup of participants (21 MS, and 22 HC) who took the ICA and SDMT for a second 15 time, we studied whether they could systematically get a better performance due to a previous 16 exposure to either of the tests. This is called a learning bias (also referred to as practice effect). 17
As shown in Table 5 , comparing the first and second administration of the ICA and SDMT tests, 18
ICA showed no learning bias. However, we see an improvement in participant's average SDMT 19 score. This improvement in SDMT score (i.e. learning bias) was statistically significant in the 20 HC group, but not in the MS group. 21 1 
ICA correlation with EDSS, age and education
10
To further characterize the ICA score and its relationship with other measures from the MS 11 patients, we calculated the correlation between ICA score and patients' EDSS, age and 12 education (Table 6 ). Both BICAMS and ICA scores were negatively correlated with patients ' 13 EDSS, demonstrating an inverse relation between disability scale and cognitive performance. 14 For all the tests, we also observed a decrease in performance as the age increases, showing the 15 effect of aging on cognitive performance. All tests were correlated with participant's level of 16 education, with ICA having the lowest correlation. 17 18 
Discussion
9
In this validation study, we demonstrate that the ICA test has convergent validity with BICAMS, 10 with an excellent test-retest reliability comparable to that reported for SDMT 9 . ICA is a visuo-11 motor test and primarily tests information processing speed (IPS) and engages higher visual 12 areas in the brain for semantic processing (i.e. animal vs. non-animal). Comparing speed versus 13 accuracy in the ICA test (Table 4) , speed seems to play a more significant role in discriminating 14 MS patients from HC participants. This corroborates findings from other studies suggesting 15 slower speed of information processing as a key deficit in multiple sclerosis 39 . IPS impairment 16 underlies other areas of cognitive dysfunction 14, 40 . This is because the speed with which an 17 individual performs a cognitive task is not simply an isolated function of the processes required 18 in that task, but also a reflection of their ability to rapidly carry out many different types of 1 processing operations. In the case of ICA, these operations include transferring visual 2 information through retina to higher level visual areas (i.e. sensory speed), processing the image 3 representation in the visual system to categorize it into animal or non-animal (i.e. cognitive 4 speed), and then translating this into a motor response (i.e. motor speed). ICA did not show a learning bias in this study and a previous study 18 , as opposed to the learning 21 bias reported for the iPad-based SDMT (i.e. PST) 41 . This is because, in ICA, the images are 22 shown in random order and they are presented only for 100 ms, making it very difficult for 1 participants to learn the test. 
